The mechanisms by which caspases are stimulated following T cell receptor engagement are presently unknown. We show here that TCR cross-linking induces caspase activation, annexin V binding, loss of cell viability, Fyn cleavage, and apoptosis in a T cell hybridoma. All these events are increased in T cells overexpressing wild-type Fyn and are inhibited in cells expressing a kinase dead mutant or a soluble form of Fyn. Moreover, DNA fragmentation mediated by various proapoptotic stimuli and anti-CD3-induced caspase activation and DNA fragmentation are reduced significantly in mouse embryo fibroblasts and thymocytes from Fyn knockout mice respectively. These results indicate that an active and membrane-anchored Fyn is required for T cell receptor-induced caspase activation and apoptosis in T lymphocytes and point out a specific role of Fyn in caspase activation and apoptosis in T cells.
consequently relocated from the membrane to the cytosol of apoptotic cells (5) . Several lines of evidence also suggest that Lyn and Fyn are required for induction of apoptosis in B lymphocytes and inhibition of angiogenesis and activation of apoptosis by thrombospondin-1 in microvascular endothelial cells (6, 7) . In this study, we investigated whether caspase processing and activity occurred on TCR stimulation in a murine T cell hybridoma and whether Fyn was required for processing and activation of caspases. Using stable transfectants expressing different constructs of Fyn, we first show that both an active and membrane anchored Fyn is absolutely required for TCRinduced caspase activation and apoptosis and that Fyn is cleaved selectively by caspases following T cell receptor triggering in a murine T cell hybridoma. Second, we demonstrate that anti-CD3 and drug-induced caspase activation and DNA fragmentation were reduced significantly in thymocytes and mouse embryo fibroblasts (MEFs) from Fyn knockout mice, respectively. These results extend previous works, indicating that caspase activity is a physiological response to TCR triggering, but above all these findings demonstrate that activation of the tyrosine kinase Fyn is an essential step in TCR-induced apoptosis.
MATERIALS AND METHODS

Cells
The hybridoma cell line T8.1, has been described already (8) . The characteristics of the T8.1 cell clones, Fyn WT, Fyn KD, and Fyn ∆N-ter, stably expressing different forms of Fyn, were reported previously (9, 10) . Fyn KD has a single mutation K299M. Fyn ∆N-ter lacks the first 6N-terminal amino-acids. Lck WT, KD and Itk WTand KD T8.1 have been described elsewhere (9, 10) . T8.1 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Gibco BRL, Rockville, MD) with 10% fetal calf serum (FCS), 2 mM glutamine, 1 mM sodium pyruvate, 50 µM β-mercaptoethanol, penicillin, streptomycin, 400 nM methotrexate, and 1 mg/ml G-418. This medium was supplemented with 1 µg/ml of puromycin for Fyn transfectants. Thymocytes were isolated from Fyn -/-mice (a kind gift of Dr. J. Nunes, Marseille) or their control litter mate and were incubated on 3.5 cm dishes precoated with anti-CD3 mAbs (clone 2C11) as described previously (11, 12) . DNA fragmentation was performed as described above. MEFs from control or Fyn -/-mice (a kind gift from Dr. P. Soriano, Seattle) were treated for 6 h in the presence or the absence of various effectors before DNA preparation for DNA fragmentation analysis.
DNA fragmentation
Cells (10 6 /ml) were cultures in RPMI 1640 or DMEM in 12-well sterile dishes with soluble (2 µg/ml), cross-linked anti-CD3 (clone 2C11 50 µg/ml, 2 h at 37°C). The cells were collected and lysed with 200 µl of lysis buffer A (10 mM Tris, pH 7.51 mM EDTA; and 0.2% Triton X-100). Lysates treated for 60 min with 100 µg/ml RNase and then incubated for 60 min with 100 µg/ml proteinase K. Cellular DNA was ethanol precipitated, dried, and resuspended in Tris-EDTA buffer (10 mM Tris and 1 mM EDTA, pH 7.5). DNA was analyzed by electrophoresis on 1.2% agarose gels after staining with ethidium bromide, as described previously (13, 14) . When thymocytes were used, DNA fragmentation was analyzed as described above.
Measurement of cell viability
Cells (5 × 10 4 ) in quadruplicate were incubated in 100 µl of RPMI 1640 medium containing 10% FCS in 96-well plates and coated with anti-CD3 mAb (50 µg/ml). After 6 or 18 h, cell survival was assessed by using the XTT dye-reduction assay (Boerhinger, Manheim, Germany), which measures mitochondrial respiratory function. Cells were incubated for 2 h with the dye, and cell viability was measured at 490 nm. Cell viability is expressed as the percentage of the viability of control cells (taken as 100%).
Annexin V binding
Apoptosis was also quantified by flow cytometry by using annexin V and propidium iodide (PI) to tag impermeable cells expressing membrane phosphatidylserine. In these studies, T8.1 cells were washed in cold PBS and 10 6 cells were resuspended in 100 µl of buffer (10 mM HEPES, pH 7.4; 140 mM NaCl; 2.5 mM CaCl2) and incubated with 5 µl of annexin V-FITC (RD Systems, Minneapolis, MN) with 10 µl of PI (50 mg/ml in PBS) for 30 min at room temperature in the dark. The samples were analyzed immediately by flow cytometry by using a FACS star plus (Becton Dickinson, Milan, Italy).
Western blot analysis
Western blot conditions have been described in details elsewhere (15) . Briefly, after treatment, cells (4 × 10 6 ) were washed in PBS, lyzed in lysis buffer B (50 mM hepes, pH 7.4; 150 mM NaCl; 20 mM EDTA; 1 mM PMSF; 1 µM pepstatin; 20 µg/ml aprotinin; 0.2% Triton X-100), incubated for 30 min at 4°C, and finally centrifuged at 15,000 rpm for 15 min. Protein (100 µg) was separated on a 11% polyacrylamide gel and blotted to a polyvinylidene fluoride (PVDF) membrane (Immobilon, Millipore, Saint-Quentin en Yvelines, France). After blocking nonspecific binding sites, the membrane was incubated for 2 h at room temperature with anti-poly-ADP-ribose polymerase (PARP) or anti-Fyn antibody (Santa Cruz Biotechnology, Santa Cruz, CA). The membranes were washed three times with Tris-NaCl (TNA), 1% NP40 (Tris 50 mM, NaCl 150 mM, pH 7.5), and incubated further with horseradish peroxidase conjugated goat anti-mouse or rabbit anti-goat (Dako, Trappes, France) for 1 h at room temperature. Immunoblots were revealed by autoradiography by using enhanced chemiluminescence detection kit (Amersham Pharmacia Biotech, Orsay, France).
Caspase activity measurement
Each assay (in quadruplicate) was performed with 50 µg of protein from control cells or cells stimulated with soluble or cross-linked anti-CD3 (clone 2C11) or with 1 µM staurosporine (STP, Sigma Chemical, St. Louis, MO). Cellular extracts were incubated in a 96-well plate, with 0.2 mM Ac-DEVD-pNA for various times at 37°C. Caspase activity was determine at 410 nm in presence or absence of 1 µM of Ac-DEVD-CHO. The specific caspase activity is expressed in nmoles of paranitroaniline released per min and per mg of proteins.
RESULTS
Cleavage of Fyn on TCR triggering in T lymphocytes
We have reported previously that the tyrosine kinase Fyn is cleaved by caspases after Asp19 in T cell undergoing apoptosis and consequently is relocated from the membrane to the cytosol of apoptotic cells (5) . It was thus of interest to determine whether Fyn could be cleaved by caspases following TCR triggering and also whether Fyn activity and localization could influence this process. For this purpose, we first analyzed the cleavage of different molecular forms of Fyn stably expressed in a T cell hybridoma, T8.1. After a 4-h stimulation period, soluble anti-CD3 mAb failed to induce the cleavage of WT Fyn, but immobilized anti-CD3 generated the cleaved p57 form of the kinase (Fig.  1A) . Cleavage of Fyn was clearly detectable within 4 h of anti-CD3 treatment and was maximal at 8 h and remained stable until 24 h (Fig. 1B and not shown). Endogenous Fyn, which is expressed faintly in parental T8.1 cells (10), was cleaved with a similar kinetic (not shown). Conversely, a kinase-dead mutant (Fyn KD) and a soluble form of Fyn (Fyn ∆N-ter) were not cleaved following CD3 trigdering. The cleavage of Fyn on TCR triggering, which is reminiscent of our previous observation that Fas induces Fyn cleavage in T lymphocytes, prompted us to investigate the implication of caspases in this process. For this purpose, intact T8.1 cells overexpressing the WT Fyn kinase were preincubated for 24 h with either Ac-DEVD-CHO or Z-VAD-fmk and then treated for 8 h with coated anti-CD3 mAb. Ac-DEVD-CHO and Z-VAD-fmk were found to abrogate anti-CD3-induced Fyn cleavage, which indicated the involvement of caspases in this process (Fig. 1C) . Consistently coated anti-CD3 mAb induced caspase activity in T8.1 cells overexpressing the WT kinase-an effect, totally prevented by preincubation with the caspase inhibitors (Fig. 1D ).
Fyn is required for TCR-induced caspase activation
The T cell receptor can associate Src-family tyrosine kinase such as p56Lck and p59Fyn (for review, see ref. 16 ). Noticeably, a small proportion of Fyn is bound constitutively to the TCR, even in the absence of stimulation. On receptor triggering, Lck and Fyn are readily activated and they phosphorylate on tyrosine residues the immunoreceptor tyrosine based activation motifs (ITAM) sequences present on the cytoplasmic part of the CD3 chains. Tyrosine phosphorylated ITAM on the zeta chain can then recruit the tyrosine kinases ZAP-70 and Syk, which is essential for signal transduction by the TCR (16) . The role of Fyn in TCR-induced caspase activation and processing was assessed by using the different T8.1 clones that overexpress stably the various Fyn constructs. We first checked that each T8.1 clone expresses the same level of CD3 at its surface (not shown and (10)). Then T cell hybridomas were stimulated with soluble anti-CD3 mAb, coated anti-CD3 mAb, or STP as a positive control for caspase activation (Fig. 2) . Caspase activity was determined after 4 h of incubation with various effectors by using Ac-DEVD-pNA as substrate. Soluble anti-CD3 mAb failed to stimulate caspase activity whatever the T8.1 clone tested ( Fig. 2A-D) . However, immobilized anti-CD3 mAb was found to induce caspase activation in T8.1 parental cells ( Fig. 2A) . A clear increase of anti-CD3-induced caspase activation was found in T8.1 cells overexpressing WT Fyn (Fig. 2B) . Caspase activity virtually was undetectable in anti-CD3-treated T8.1 cells overexpressing a kinase-dead or an unanchored (soluble) form of Fyn (Fyn ∆N-ter) (Fig. 2C, D) . We also found a significant decrease in caspase activation in cells transfected with Fyn constructs expressing an inactive SH2 or SH3 domain (data not shown). STP was found to induce caspase activity in a similar manner in all the T8.1 clones ( Fig. 2A-C ) except Fyn ∆N-ter, in which STPinduced caspase activity also was impaired (Fig. 2D ).
The precise reason for this unexpected effect of Fyn ∆N-ter on STP-induced caspase activity is presently unknown. Taken together these results suggest strongly that Fyn is involved in the activation of caspases on TCR triggering in T8.1 cells. To define the involvement of Fyn in this process better, we performed detailed kinetics of caspase activation following TCR triggering. The increase in caspase activity was detected 4 h after anti-CD3 stimulation in parental T8.1 cells and in cells overexpressing Fyn WT (Fig. 3A, B) . In both cell clones Ac-DEVD-ase activity was maximal after 8 h and was then declined to the basal level after 24 h. However, here again the rise in caspase activity was significantly higher in Fyn WT transfected cells compared with their parental counterpart (Fig. 3B) . Long-term kinetics also indicated a drastic inhibition of anti-CD3 mAbinduced caspase activity in T8.1 cells overexpressing Fyn KD or Fyn ∆N-ter (Fig. 3C, D) . It should be pointed out that the kinetic of caspase activation paralleled the kinetic of Fyn cleavage (Fig. 1B  and 3B ). To confirm DNA fragmentation experiments, we also performed annexin V binding and cell viability assays. As expected from the results described above, annexin V binding was reduced significantly in anti-CD3 stimulated cells overexpressing the kinase-dead and ∆N-ter forms of Fyn (Fig. 4A) . It should be noted that a weak annexin V binding could be also observed in the Fyn WT T8.1 clone in the absence of stimulation. Moreover, the inhibitory effects of Fyn KD and ∆N-ter on cell death were also confirmed by the absence of the polyADP-ribose polymerase degradation compared with T8.1 cells overexpressing Fyn WT (not shown). Finally, we also assessed the effect of overexpression of different Src kinases on the viability of anti-CD3 stimulated T8.1 cells by using the XTT dye reduction assay. In a first series of experiments we showed that overexpression of Fyn WT in T8.1 cells increased drastically the loss of cell viability observed on anti-CD3 mAb stimulation (Fig. 5) . Conversely, overexpression of Fyn KD or Fyn ∆N-ter totally prevented anti-CD3-mediated loss of cell viability. Identical results were obtained when Lck, was overexpressed in T8.1 cells instead of Fyn. Indeed, Lck was found to be as potent as Fyn to induce the loss of cell viability on anti-CD3 treatment, whereas Lck KD was found to protect T8.1 cell in identical conditions (Fig. 5) . Overexpression of the tyrosine kinase Itk under its WT or KD form failed to affect T8.1 cell viability compared with parental T8.1 cells. It should be mentioned that the inhibitory effect of Lck KD is not surprising because overexpression of an inactive form of this kinase has been shown to impair totally the signaling via TcR.
Lack of apoptosis in Fyn KD and Fyn ∆N-ter transfected T cell clones
Activation of caspases and, more particularly, caspase-3 is critically required for activation of caspase-activated DNAse (CAD) the nuclease involved in internucleosomal degradation of DNA in cells undergoing apoptosis (17, 18) . As DNA fragmentation represents a good hallmark of apoptosis, we sought to determine whether anti-CD3 mAb-induced caspase activation could lead to DNA fragmentation in T8.1 cells. Figure 6A and B shows that DNA fragmentation was detected clearly 6 to 8 h after anti-CD3 mAb stimulation of parental or Fyn-WT T8.1 clones. We found a significant increase in DNA fragmentation in T8.1 cells overexpressing Fyn WT compared with the parental cell line (Fig. 6A and B) . A very weak DNA fragmentation was observed in T8.1 cells overexpressing Fyn ∆N-ter (Fig. 6D ) following a 8-h stimulation period with immobilized anti-CD3 mAb, whereas T8.1 cells overexpressing Fyn KD exhibit no trace of internucleosomal DNA degradation at the same time (Fig. 6C) . In all cases, TCR-induced annexin V binding and caspase activation was found to precede induction of DNA fragmentation. Taken together, the data presented in (Figs. 2, 3 , 5, and 6) clearly show that an active and membrane-anchored Fyn is required for anti-CD3-mediated apoptosis in T8.1 cells.
Impaired apoptosis in MEFs and thymocytes from Fyn knockout mice
MEFs were found to be insensitive to Fas-mediated apoptosis. However, they exhibited DNA ladders characteristic of apoptosis when treated with STP, C2-ceramide, or etoposide (Fig. 7A) . STP, C2-ceramide, or etoposide-induced DNA fragmentation was inhibited significantly in MEFs from Fyn knockout mice, indicating that Fyn is required for induction of apoptosis in these cells (Fig. 7A) . Accordingly, caspase activity was also reduced in MEFs from Fyn knockout mice stimulated with STP compared with control MEFs (Fig. 7B) .
Finally, we looked for basal and anti-CD3-induced apoptosis and caspase activation in thymocytes prepared from Fyn +/+ or Fyn -/-mice. As shown on Figure 8A , spontaneous DNA fragmentation, which occurs normally on incubation of thymocytes at 37°C (i.e., in the absence of anti-CD3 mAb), was reduced at 6 h in thymocytes from Fyn knockout mice compared with thymocytes from control mice (Fig. 8A) . Anti-CD3 mAb increased significantly DNA fragmentation in thymocytes from control mice. Thymocytes from Fyn -/-mice were less susceptible to anti-CD3-mediated DNA fragmentation compared with thymocytes from the control littermate (Fig. 8A ). This effect was particularly visible at 2 h. Finally, quantitative analysis of DNA fragmentation shown on Figure 8B indicates that anti-CD3-mediated apoptosis was inhibited significantly in thymocytes from Fyn knockout mice. Consistently we observed a 50% to 80% diminution in basal and anti-CD3-mediated caspase activity in thymocytes from Fyn -/-mice compared with thymocytes from the control littermate (Fig. 8C) . Taken together these data support an important role for p59Fyn in the induction of caspase activation and apoptosis in both fibroblasts and T lymphocytes.
DISCUSSION
Caspase-3 processing has been reported after T cell stimulation (2-4) and during negative selection of thymocytes through TCR triggering (1) . Recent evidence has indicated that caspase activation also occurred in PBMCs stimulated for 4 days with either anti-CD3 plus IL-2 or anti-CD3 plus Fas-L (3, 4) . In the same studies, caspase inhibitors were shown to block cell proliferation and IL-2 production by activated PBMCs, which suggests a critical role for caspases in T cell activation and proliferation (3, 4) . However the mechanisms by which TCR cross-linking leads to caspase activation in T lymphocytes presently remains unknown. In this study, we have addressed the question of the possible involvement of the tyrosine kinase Fyn in TCR-mediated activation of caspases. Several observations are consistent with the implication of Fyn in apoptosis. First, it has been reported that thymocytes from Fyn knockout mice are resistant to Fas-mediated apoptosis (19) . Second, introduction of Fyn in Lyn-deficient B cells lines, which are resistant to etoposide-induced apoptosis, is sufficient to restore sensitivity of these cells to etoposide (6) . Third, thrombospondin-1-induced apoptosis in endothelial cells required Fyn (7). Moreover, accumulating evidence demonstrates that several nonreceptor tyrosine kinases such as Syk (20) Using stable transfectants expressing different constructs of Fyn, we show first that Fyn is cleaved selectively by caspases following T cell receptor triggering and then show that both an active and a membrane-anchored Fyn is required for TCR-induced caspase activation and apoptosis in a murine T cell hybridoma. Cleavage of Fyn itself also required that it was active and membrane-anchored, as it was not observed with Fyn dead kinase or Fyn ∆N-ter. We have reported previously the cleavage of Fyn during Fas-induced apoptosis in Jurkat T cells. Cleavage of Fyn occurs in the N-terminal domain between Asp19 and Gly20 and is accompanied by relocation of an active p57 kinase to the cytoplasm of Fas-stimulated cells (5) . We show here that on TCR triggering, Fyn is also cleaved by caspases in the same 57 kDa fragment that is generated following anti-Fas-mAb treatment. Evidence that anti-CD3-mAb-induced Fyn cleavage is executed by caspase was supported further by its inhibition by Z-VAD-fmk and Ac-DEVD-CHO, two potent and selective caspase inhibitors.
T cells express two members of the Src kinase family, Lck and Fyn, both of which have been largely implicated in TCR signaling (16) . Both kinases interact with the TCR and activated forms of the kinase enhance interleukin-2 (IL-2) production. p56Lck is critically required for T lymphocyte development, whereas Fyn -/-thymocytes appear normal even though they have a diminished response to TCR stimulation (24, 25) . Accordingly we found that basal and anti-CD3 caspase activation was reduced significantly in thymocytes from Fyn knockout mice. More recently, it has been reported that Fyn may mediate an alternative form of TCR signaling characterized by a distinct pattern of ITAM phosphorylation and the inability to activate ZAP-70 following its recruitment to the TCR (26) . Converse to the situation observed with p56Lck, this particular TCR signaling results in a partial T cell activation phenotype. It has also been proposed that Fyn may mediate TCR-signaling events leading to anergy following stimulation with altered peptide ligands or under conditions in which the strength of the TCR signal is reduced (26) . Changes in the expression, activity, and localization of the Src kinases Lck and Fyn may regulate signaling via the TCR. Thus, there is compelling evidence of changes in Fyn expression during T cell development, on TCR triggering (27, 28) , in Cbl -/-mice (29) , in T cells from lpr mice (30) , and during Fas-induced apoptosis (5). Fyn expression is increased in Cbl -/-mice due to an inhibition of its degradation.
We bring here biochemical and cellular evidence that Fyn is capable of mediating caspase activation and apoptosis in a murine T cell hybridoma. This effect required both an active and plasma membrane-anchored Fyn. On TCR triggering, Fyn is cleaved by caspases and then relocalized to the cytoplasm. Overexpression of a soluble form of Fyn lacking the 6 N-terminal amino-acids-and noticeably Gly-2, Cys-3, and Cys-6, which share the palmitoylation and myristoylation sites thus resembling the cleaved form produced in apoptotic cells-inhibited anti-CD3-induced caspase activation and apoptosis. This protective effect of the soluble form of Fyn on anti-CD3-induced caspase activation and apoptosis could be explained by titration and delocalization of an essential interactor of endogenous Fyn. Presently, the nature of this potential interactor is unknown. Fyn has been shown to interact with a wide range of protein involved in T cell receptor signaling, including ZAP-70 (31), Cbl (32), Shc (33), FYB (34) through SH2 and/or SH3 domain interactions, and with Fas (19) and PKC θ 7KXVFOHDYDJHRI)\QIROORZLQJ7&5FURVVOLQNLQJFRXOGSOD\DQLPSRUWDQW role to block the apoptotic signal in a potential feedback mechanism by generating a soluble and active form of Fyn able to bind and complex signaling molecules critically involved in the activation of T lymphocytes. In this line, it is of particular interest that PKC θ, which plays an essential role in TCR signaling, is also cleaved during induction of apoptosis in T cells (36) .
In summary, we have shown that p59Fyn activity and localization both are required for caspase activation and apoptosis following TCR engagement. Then caspase activation induces Fyn cleavage and relocalization of the active p57 cleaved form of Fyn into the cytoplasm, where it could bind molecule(s) important for T cell receptor signaling and thus initiate a feedback mechanism that contributes to block the TCR-induced apoptotic signal. 4 ) overexpressing different tyrosine kinases were incubated for 6 h at 37°C with coated anti-CD3 mAb in 96-well plates as described above. Cell viability was measured after 6 or 24 h by the XTT dye reduction assay as described in the material and methods section. Results are the mean of three different experiments, and each XTT assay is performed in quadruplicate. A) Mouse embryo fibroblasts derived from control or Fyn -/-mice were incubated for 6 h with either Staurosporine (Stp), Etoposide (Eto) ou C2-ceramide (Cera) at the indicated concentrations. DNA fragmentation was detected as in Figure 6 . B) MEFs were incubated for 6 h with 1 µM staurosporine and caspase activity was measured as described above. Results are the mean of three different experiments. -/-mice were incubated or not for various times at 37°C with coated anti-CD3 mAb. A) DNA fragmentation was visualised as described in Figure 6 . B) Quantitative analysis of DNA fragmentation is expressed as a percent of the maximal response. C) In each conditions caspase activity was determined as described previously. The results of two independent experiments each performed in quadruplicate are shown for Fyn-knock out mice.
